Abnormal folding of mutant cystic fibrosis transmembrane conductance regulator (CFTR) and subsequent degradation in the endoplasmic reticulum is the basis for most cases of cystic fibrosis. Structural differences between wild-type (WT) and mutant proteins, however, remain unknown. Here we examine the intracellular trafficking, degradation, and transmembrane topology of two mutant CFTR proteins, G85E and G91R, each of which contains an additional charged residue within the first putative transmembrane helix (TM1). In microinjected Xenopus laevis oocytes, these mutations markedly disrupted CFTR plasma membrane chloride channel activity. G85E and G91R mutants (but not a conservative mutant, G91A) failed to acquire complex N -linked carbohydrates, and were rapidly degraded before reaching the Golgi complex thus exhibiting a trafficking phenotype similar to ⌬ F508 CFTR. Topologic analysis revealed that neither G85E nor G91R mutations disrupted CFTR NH 2 terminus transmembrane topology. Instead, WT as well as mutant TM1 spanned the membrane in the predicted C-trans (type II) orientation, and residues 85E and 91R were localized within or adjacent to the plane of the lipid bilayer. To understand how these charged residues might provide structural cues for ER degradation, we examined the stability of WT, G85E, and G91R CFTR proteins truncated at codons 188, 393, 589, or 836 (after TM2, TM6, the first nucleotide binding domain, or the R domain, respectively). These results indicated that G85E and G91R mutations affected CFTR folding, not by gross disruption of transmembrane assembly, but rather through insertion of a charged residue within the plane of the bilayer, which in turn influenced higher order tertiary structure. ( J. Clin. Invest. 1997.
Introduction
Cystic fibrosis (CF) 1 is caused by diverse mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), a polytopic integral membrane protein expressed at the apical membrane of selected epithelial tissues (1) (2) (3) . CFTR is a member of the ATP Binding Cassette transporter superfamily (4, 5) , and is proposed to function as a cAMP-regulated transmembrane channel capable of conducting small anions, water and ATP (6) (7) (8) (9) . More than 700 different disease-related mutations that affect different aspects of CFTR function have been reported throughout the CFTR gene (10, 11) . In greater than 80% of CF patients, however, disease results from a temperature-sensitive folding defect (12) in which newly synthesized CFTR protein fails to process normally, and undergoes rapid degradation before reaching the plasma membrane (13) .
Like most polytopic proteins, CFTR synthesis occurs in the rough endoplasmic reticulum (ER) where early events of folding and assembly take place. Both wild-type (WT) and certain mutant CFTR proteins may mature sufficiently during this process to acquire normal gating and ion channel properties while still in the ER membrane (14) . CFTR exit from the ER, however, is quite inefficient; ‫ف‬ 80% of WT and up to 100% of mutant (e.g., ⌬ F508) CFTR may be degraded before reaching the Golgi complex (12, 13, 15, 16) . Retention of CFTR in the ER induced by Brefeldin A or block of CFTR degradation with proteasome inhibitors has indicated that degradation of CFTR per se is not the primary defect (15) (16) (17) . Rather, degradation appears to result from the failure of newly synthesized chains to acquire the proper structure necessary for exiting the ER. Recent studies have therefore suggested that a critical maturation step (or alternatively a misfolding step) occurs during or very early after CFTR synthesis in the ER, and determines whether newly synthesized chains ( a ) mature into a normally folded, transport-competent structure, or ( b ) misfold into a transport-incompetent structure that is retained and degraded (15, 18) . Consistent with this hypothesis, ⌬ F508 CFTR exhibits prolonged association with cytosolic and ER chaperones, hsp70 (19) and calnexin (20) , respectively, that recognize and bind misfolded or partially folded nascent proteins. In addition, chemical chaperones such as glycerol and trimethyl amineoxide, which may facilitate protein folding, have been shown to promote ⌬ F508 CFTR trafficking to the plasma membrane (21, 22) . Despite these and additional studies (23, 24) , structural differences between WT and mutant CFTR, and hence the mechanisms by which these proteins are distinguished by ER quality control machinery, remain unknown.
Significant evidence indicates that transmembrane topology of polytopic proteins is directed through the action of discrete sequence determinants (i.e., topogenic sequences [25] ) encoded within the nascent chain (26) (27) (28) (29) (30) . These determinants are comprised of hydrophobic transmembrane segments along with their flanking sequences (31) , and function to direct translocation of specific peptide regions across the ER membrane. Recently, topogenic sequences encoded within the first two transmembrane segments (TM1 and TM2) of human P-glycoprotein (MDR1) were shown to direct transmembrane topology and membrane integration in a cooperative manner (32) . These results defined MDR1 NH 2 terminus topology, and confirmed that TM1 and TM2 spanned the ER membrane in their predicted orientation. Using similar techniques, we have begun to investigate the transmembrane topology of CFTR to better understand the relationships among CFTR folding, transmembrane assembly, and intracellular trafficking.
In the current study, we have examined the effects of two CF-related mutations, G85E and G91R, each of which introduces a charged residue into the first putative transmembrane helix (TM1) of CFTR (33, 34) . These mutations markedly impaired CFTR-mediated chloride channel activity in the plasma membrane of microinjected Xenopus oocytes, and like ⌬ F508, resulted in rapid degradation of newly synthesized protein in a preGolgi compartment. Remarkably, neither mutation altered the transmembrane topology of CFTR in the ER membrane, indicating that mutant residues were localized within or adjacent to the plane of the lipid bilayer. Furthermore, oocyte degradation machinery was unable to distinguish WT from G85E or G91R mutant proteins until synthesis of the first half of CFTR (through the first nucleotide binding domain [NBD1]) was completed. These findings suggest that insertion of a charged residue within (or adjacent to) the plane of the lipid bilayer at position 85E or 91R disrupts CFTR intracellular trafficking, not by gross disruption of transmembrane topology, but rather through subtle perturbations in tertiary structure.
Methods
cDNA construction. G85E and G91R mutants were synthesized from plasmid pSPCFTR (7) by site-directed mutagenesis using a singlestranded (M-13) template, oligonucleotides GTTCTATGAGAT-CTTTT or TATATTTAAGGGAAGTC, and T4 polymerase by the Muta-gene (Bio-Rad Laboratories, Hercules, CA) method. Ava I-Xba I fragments containing the engineered mutations were then ligated back into pSPCFTR (from which a 3 Ј untranslated Sac I fragment was deleted for convenience) and sequenced from the initial ATG through the Xba I fusion site. G91A and G91E mutants were synthesized by ligating an Ava I-Xba I fragment from plasmids pBQ4.7 G91A and pBQ4.7 G91E (kindly provided by D. Dawson, University of Michigan), respectively, into Ava I-Xba I-digested pSPCFTR; mutations were verified by DNA sequencing. To generate plasmids TM1-2.P, WT, G85E, G91R, G91A, or G91E, CFTR cDNA was amplified using 12 cycles of PCR (sense oligonucleotide ATTT-AGGTGACACTATAG [SP6 promoter], antisense oligo AAA-TTTGGTCACCTTGTTGGAAAGGAGACT). Fragments were digested with Hind III/BstE II (site encoded in antisense oligo), and ligated into a Hind III/BstE II digested vector onto the 5 Ј end of a previously described prolactin-derived reporter sequence (P) in plasmid BPI (32) . Resultant plasmids contain CFTR codons M1-N148 followed by the COOH terminal 142 codons of prolactin (30) . Plasmid TM1-6.P, encoding CFTR residues 1-392, was similarly constructed from WT, G85E, and G91R CFTR templates using the sense and antisense oligos ATTTAGGTGACACTATAG and ATTCTC-GGTCACCACTTCTGTAGTCGTTAA, respectively. A termination codon was engineered following TM2 and TM6 by digesting WT, G85E and G91R, TM1-2.P, or TM1-6.P with BstE II, blunting ends with Klenow, and religating. This introduces an in-frame TGA codon immediately behind the BstE II restriction site. A TGA condon was engineered at codon 589 of WT, G85E, and G91R CFTR by ligating an Sph I/Pst I-digested PCR fragment (sense oligo ATCAGACCA-TGGGGAAGATCAGTGAAAG, antisense oligo AGTTTCTGC-AGCTAGCTTTCAAATATTTCTT, template pSPCFTR) into a pSPCFTR plasmid digested with Sph I/Pst I. A similar strategy was used to engineer a TAG stop codon at residue D836. A CFTR PCR fragment was amplified using sense (ATCAGACCATGGGGAAGA-TACAGTGAAAG) and antisense (CTCGAATTCTAATCAAAA-AGGCACTCCT) oligonucleotides, digested with EcoR I, and ligated into plasmid pSPCFTR digested with EcoR I.
Xenopus oocyte Cl transport. CFTR-mediated 36 Cl efflux was measured as described previously (9) . In brief, oocytes were injected with in vitro-transcribed RNA and incubated at 18 Њ C for 36 h in MBS (modified Barth's solution [35] , 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM Mg SO 4 , 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 10 mM sodium N -2-hydroxyethylpiperazine-N Ј -2-ethanesulfonic acid [Hepes]) followed by incubation overnight in MBS containing Ci/ml 36 Cl (total Cl concentration adjusted to 90 mM). Oocytes were then rinsed, and groups of five oocytes were perfused (1 ml/min) with MBS. Perfusate was collected at 1-min intervals, and radioactivity was determined by scintillation counting. After 8 min, the perfusate was changed to MBS containing 1 mM 3-isobutyl-l-methylxanthine and 10 M forskolin. At the end of the experiment, oocytes were dissolved in 1 N NaOH, and the total counts remaining were determined. For each flux interval, the radioactivity in oocytes at the start of the interval was calculated, and the loss of 36 Cl was expressed as the fraction of total counts. To determine the maximal cAMP-induced increase in the rate of loss of 36 Cl, the period of greatest fractional rate of loss (after stimulation) was averaged with the rates of loss for the single intervals before and after (if the rate of loss was greatest in the final flux period, the average of the penultimate and final flux intervals was used). The baseline rate of loss was taken as the average of the three intervals immediately before stimulation.
Antibodies. Antisera A 2 and 5242 were raised in New Zealand White rabbits using synthetic peptides corresponding to CFTR residues no. 45-65 (Berkeley Antibody Company, Berkeley, CA) or residues no. 2-16 (Research Genetics, Huntsville, AL), respectively. ␣ -102 antisera was raised against a CFTR synthetic peptide (residues no. 102-116) as reported previously (36) . Antiprolactin antiserum was purchased from ICN Biomedicals, Inc. (Costa Mesa, CA).
Transcription and Xenopus laevis oocyte expression. mRNA was transcribed in vitro with SP6 RNA polymerase (New England Biolabs Inc., Beverly, MA) using 2-4 g of plasmid DNA in a 10-l vol at 40 Њ C for 1 h as previously described (30) . 50 Ci of 35 S methionine (0.5 l of a 10 ϫ concentrated Tran 35 S-label; New England Nuclear, Boston, MA) was added to 2 l of transcription mixture and injected into mature Xenopus oocytes (50 nl/oocyte) on an ice-cold stage. For pulse-chase experiments, injected oocytes were first incubated at 18 Њ C in MBS and then transferred into MBS containing 1-2 mM unlabeled methionine. At specified times, oocytes (five per lane) were removed and frozen for later homogenization in 10 vol of homogenization buffer (0.25 M sucrose, 50 mM Tris, pH 7.5, 50 mM KAc, 5 mM MgCl 2 , 1 mM DTT). Homogenates were mixed with 100 l of 1% SDS, 0.1 M Tris, pH 8.0, incubated at 37 Њ C for 30 min, diluted in 1 ml of Buffer A (0.1 M NaCl, 1% Triton X-100, 2 mM EDTA, 0.1 mM PMSF, and 0.1 M Tris, pH 8.0), incubated at 4 Њ C for 2 h, and centrifuged at 14,000 g for 15 min. The supernatants were then used for immunoprecipitation.
Cell-free translation/protease digestion. Transcription reaction mixture was added to rabbit reticulocyte lysate (RRL) containing 35 S methionine as described previously (32) and incubated for 1 h at 24 Њ C. Where indicated, canine pancreas microsomal membranes (final concentration of 8.0 OD 280 ) were added at the start of translation. CaCl 2 (10 mM) was added before proteolysis. Proteinase K (PK) (0.2 mg/ml final concentration) was added to RRL in the presence or absence of 1% Triton X-100, and samples were incubated on ice for 1 h (32). Residual protease was inactivated by rapid addition of PMSF (10 mM) followed by mixing in 10 vol of 1% SDS, 0.1 M Tris, pH 8.0 (preheated to 100 Њ C).
Immunoprecipitation and autoradiography. Antisera was added to translation mixtures diluted in 0.5 ml of Buffer A or oocyte homogenate to a working dilution of 1:1000. After 10-30 min preincubation, 5 l of protein A Affigel (Bio-Rad) was added, and the sample was mixed at 4 Њ C for 2-10 h before washing three times with Buffer A and twice with 0.1 M NaCl, 0.1 M Tris, pH 8.0. For endoglycosidase digestion, washed protein A Affigel beads were incubated for 3 h at 37 Њ C with 2 l of 0.1 M Na citrate, pH 5, 0.1% SDS, and 500 U endoglycosidase H, or 1 l 0.5% SDS, 1% ␤ -mercaptoethanol, 0.5 M Na 3 PO 4 , pH 7.5, 10% NP-40, and 500 U PNGase F. Samples were analyzed by SDS-PAGE, EN 3 HANCE (New England Nuclear) fluorography, and autoradiography. Autoradiograms were digitized with an AGFA Studio Scan II and, where indicated, band intensities were quantified on unmodified images using Adobe Photoshop.
Results
Chloride channel activity of G85E and G91R CFTR. To determine whether G85E and G91R mutations disrupted CFTR chloride channel function, we expressed full-length wild-type and mutant proteins in mature Xenopus oocytes by RNA microinjection and measured channel activity using a radionuclide efflux assay. CFTR-or mock-injected oocytes were loaded with 36 Cl for 12-16 h, and CFTR channel activity was determined by measuring the rate of 36 Cl efflux before and after elevation of intracellular cAMP. As shown in Fig. 1 , oocytes expressing WT CFTR exhibited a rapid rise in chloride permeability after elevation of intracellular cAMP, whereas chloride permeability was not significantly altered in mockinjected oocytes. In contrast to WT CFTR, cAMP-stimulated chloride efflux rates measured in oocytes expressing G85E, G91R, or ⌬ F508 CFTR were all delayed and markedly attenuated. The maximal increase in 36 Cl efflux observed in oocytes expressing WT CFTR was 14.2 Ϯ 1.8%/min ( n ϭ 8). For G91R and G85E CFTR, the maximal increases were 1.1 Ϯ 0.4%/min ( n ϭ 5, with one batch of oocytes not responding) and 1.8 Ϯ 0.4%/min ( n ϭ 7), respectively. Oocytes expressing ⌬ F508 CFTR showed a maximal increase in 36 Cl efflux of 3.6 Ϯ 1.1%/ min ( n ϭ 5), or ‫ف‬ 15% of WT, in good agreement with previous studies (37) . Whereas the maximal chloride efflux for WT CFTR was observed 8.5 Ϯ 1.0%/min after cAMP stimulation, chloride efflux from oocytes expressing mutant proteins rose much more slowly and continued until the experiment was terminated 14 min after cAMP stimulation.
CFTR synthesis in Xenopus oocytes. Despite the widespread use of Xenopus oocytes in studying CFTR ion channel function (37, 38) , little is known regarding CFTR synthesis, processing, and trafficking in these cells. To address this issue, we employed pulse-chase labeling techniques by coinjecting CFTR cRNA and 35 S methionine into mature Xenopus oocytes followed by incubation in media containing excess unlabeled methionine. Using NH 2 terminus peptide-specific CFTR antisera, we were first able to detect CFTR fragments 30-45 min after microinjection of cRNA. Synthesis of full-length CFTR protein, however, required 60-90 min (Fig. 2 A , arrow ) . Full-length CFTR chains initially migrated on SDS-PAGE as a relatively sharp band with an estimated molecular weight of 150 kD (Fig. 2, A and B , upward arrow ) . 12-48 h after injection, larger forms of CFTR were observed that migrated together as a broad band of ‫ف‬ 165 kD (Fig. 2, B and C , downward arrows ). Neither of these bands was observed in mockinjected oocytes, nor in CFTR-injected oocytes immunoprecipitated with nonimmune or irrelevant antisera (data not shown). Incubating oocytes in media containing 1 mM methionine immediately after injection effectively blocked incorporation of 35 S methionine into CFTR (Fig. 2 B ) . Digestion of immunoprecipitated products with endoglycosidase H (Endo H) resulted in a 4-6 kD shift in migration of the 150-kD band, consistent with cleavage of 2 high mannose N -linked carbohydrates (Fig. 2 C , upward arrows ) . In contrast, the 165-kD form of CFTR was resistant to Endo H digestion but was sensitive to digestion with N -glycosidase F, demonstrating that in these chains, core N -linked carbohydrates had undergone processing by glycosyltransferases in the Golgi complex. Thus, the 150-kD and 165-kD forms of CFTR generated in Xenopus oocytes appear to be analogous to the ER-glycosylated (band B) and Golgi-processed (band C) forms, respectively, which have previously been described in mammalian cells (12, 13) .
It should be noted that the rates of synthesis and processing in oocytes were markedly slower than in mammalian cells (18 Њ C versus 37 Њ C), presumably reflecting differences in metabolism and lower incubation temperatures. In addition, minor variations in the extent and efficiency of carbohydrate processing were also observed in oocytes from different frogs (data not shown).
Intracellular trafficking of G85E and G91R CFTR. We next tested whether G85E and G91R mutations affected protein expression, stability, and/or intracellular trafficking using pulse- S methionine, and after 3.5 h were transferred to media containing 1 mM unlabeled methionine before collection for immunoprecipitation. Similar amounts of WT and mutant CFTR were synthesized during the labeling period (Fig. 3) . 24-30 h after injection, essentially 100% of WT CFTR was processed to the 165-kD band C form (Fig. 3 A, downward  arrow) , indicating efficient protein trafficking through the Golgi complex. In contrast, G85E and G91R mutant proteins were rapidly degraded within 24 h. Less than 10% of newly synthesized mutant protein was recovered 32 h after RNA injection (Fig. 3, C and D) , and less than 5% of mutant protein was processed to the 165-kD band C form. Both the rapid disappearance and lack of Golgi processing strongly suggested that mutant proteins failed to exit the ER. Consistent with this interpretation, we observed that the known trafficking mutant ⌬F508 CFTR also underwent rapid degradation (80-85% of protein was degraded within 20 h), similar to G85E and G91R chains (Fig. 3 B) . A small but significant fraction of ⌬F508 chains (10%), however, was processed to a stable band C form (Fig. 3 B, downward arrow) . While the absolute trafficking efficiency of WT and mutant CFTR varied somewhat between different batches of oocytes, selective degradation of mutant chains was consistent and reproducible. These experiments demonstrate that Xenopus oocytes, like mammalian cells, exhibit a quality control system that is capable of discriminating WT from mutant CFTR, and targeting mutant proteins for rapid degradation in the ER.
Effects of G85E and G91R mutations on CFTR topology. To determine whether G85E and G91R mutations altered the orientation of CFTR in the ER membrane, we compared the NH 2 terminus topology of WT and mutant chains. A RRL translation system supplemented with ER-derived canine pancreas microsomal membranes was used for these experiments because this system has been shown to reconstitute faithfully ER translocation and early processing events (39) , and it is Microinjected Xenopus oocytes expressing WT, G85E, G91R, or ⌬F508 CFTR were incubated in MBS for 3.5 h, and were then placed in MBS containing 1 mM methionine. At indicated times groups of five oocytes were collected for immunoprecipitation and SDS-PAGE analysis. Full-length CFTR protein was identified by immunoprecipitation with A 2 antibody as described. CFTR was initially recovered as a 150-kD protein (upward arrows) which was processed to a more slowly migrating form of 165 kD at later time points (downward arrows).
amenable to topologic analysis. In addition, this system has been successfully used to define NH 2 terminus topology of other polytopic proteins including the related ABC transporter MDR1 (32, 40) .
Plasmids encoding WT, G85E, and G91R CFTR were truncated at codon N186, 48 residues COOH-terminal to TM2. Truncated plasmids were expressed in RRL in the presence of microsomal membranes, and newly synthesized chains were released from ribosomes with puromycin before digestion with PK in the presence and absence of nondenaturing detergent as described (32) . Plasmids encoding WT protein generated polypeptides of the expected size (22 kD; Fig. 4 A) which, after PK digestion, yielded a 17-kD protease protected fragment (Fig. 4 A, lane 2, upward arrow) . This fragment was not observed in the presence of nondenaturing detergent (lane 3) nor in the absence of ER-derived microsomal membranes (data not shown). Thus, protease protection required an intact ER membrane, demonstrating that the chains contained both cytosolically accessible and lumenally protected polypeptide regions. The transmembrane topology of these truncated proteins was determined by immunoprecipitating translation products with antisera raised against synthetic peptides corresponding to residues no. 102-116, between TM1 and TM2 (␣-102 antisera), or NH 2 -terminal residues no. 2-14 (␣-5242). Both antisera were reactive with the 22-kD fragments, as expected. The 17-kD protease-protected fragment, however, was recognized only with ␣-102 antisera (Fig. 4 A, lanes 4-9) . Residues NH 2 -terminal to TM1 were therefore accessible to PK, and were oriented towards the cytosol, while residues COOHterminal to TM1 resided in the ER lumen. These results confirmed that TM1 spanned the ER membrane in a C-trans (type II) topology, in agreement with current topologic models of CFTR (3, 41) . To determine whether TM2 spanned the membrane in these truncated chains, we also analyzed an additional construct in which a passive COOH terminus translocation reporter, P (derived from bovine prolactin [30] ), was ligated COOH-terminal to TM2 at residue N186. In these chains, the P reporter was quantitatively digested by exogenously added PK (Fig. 4 B) . TM2 therefore spanned the membrane in an orientation opposite to that of TM1, with its NH 2 terminus flanking sequences in the ER lumen, and COOH terminus flanking sequences in the cytosol.
The effect of G85E and G91R mutations on CFTR topology was similarly determined using plasmids TM1-2 (G85E) and TM1-2 (G91R). After expression in RRL and PK digestion, chains generated from these plasmids yielded protected fragments indistinguishable from WT CFTR (Fig., 5 A and B,  lanes 1-3) . Immunoprecipitation of proteolysis products with ␣-102 and ␣-5242 antisera confirmed that the NH 2 and COOH termini of TM1 in these mutant chains were oriented in the same manner (cytosol and ER lumen, respectively) as WT chains. Because no other hydrophobic segments in this region of CFTR are of sufficient length to span the membrane (in helical conformation), these results demonstrate that mutant TM1 spanned the membrane, and suggest that charged residues 85E and 91R were located within the plane of the lipid bilayer. Because this technique does not precisely identify TM1 boundaries, however, we cannot formally discount the possibility that residues 85E or 91R were adjacent to the bilayer, particularly if TM1 spanned the membrane as a beta strand, as has been recently described for several COOH terminus TM segments of the GLAST-1 glutamate transporter (42) . Despite these limitations, these studies demonstrate that G85E and G91R mutations do not disrupt CFTR topology in the ER membrane, and provide a reasonable two dimensional localization of the mutant residues relative to the lipid bilayer.
Disruption of CFTR trafficking is due to charge insertion into TM1. Results shown in Figs. 4 and 5 suggest that defective trafficking of G85E and G91R CFTR resulted from introduction of a charged residue within the lipid bilayer, but they Translation products were digested with PK in the presence or absence of detergent (det) as indicated, and were analyzed directly by SDS-PAGE (lanes 1-3) . Translation products were immunoprecipitated with ␣-102 antisera (lanes 4-6) or ␣-5242, antisera (lane 7-9) before SDS-PAGE. Proteolysis of fulllength chains (downward arrows) generated a protected fragment (upward arrows) reactive only to ␣-102 antisera. (B) Immunoprecipitation of proteolysis products from plasmid TM1-2.P using antiprolactin antisera. Topology of chains is schematically diagrammed; shaded ovals represent putative TM segments.
do not rule out the possibility that loss of a glycine residue within TM1 might instead be responsible. We therefore examined the effects of two additional (non CF-related) TM1 mutations, G91A and G91E. In Xenopus oocytes, full-length CFTR containing the conserved G91A mutation was stable and efficiently processed after microinjection of cRNA (Fig. 6 A) . In contrast, ‫ف‬ 70% of chains containing G91E were degraded within 30 h of injection, similar to results obtained using the G85E and G91R constructs. In addition, neither the alanine nor glutamic acid substitutions at position 91 significantly affected NH 2 terminus topology (Fig. 6 B) . Although it is possible that the G91E and G91R mutations might have different effects on CFTR structure, the similar effects of acidic as well as basic residues on CFTR trafficking, and the lack of effect of the conservative alanine substitution, all support the conclusion that CFTR is highly sensitive to insertion of an additional charged residue within the hydrophobic segment, TM1.
Structural requirements for CFTR stability. Our observations indicate that a mutant-charged residue within TM1 in some manner provides structural cues for ER degradation machinery, but they do not distinguish whether such residues are recognized directly or whether they exert indirect effects by altering other aspects of CFTR structure. We reasoned that if charged residues 85E or 91R were recognized directly within the bilayer, then ER quality control machinery might preferentially degrade mutant chains at a relatively early stage of synthesis, for example after synthesis of only one or two TM segments. If, however, these mutations disrupted more global aspects of CFTR tertiary structure, then discrimination of mutant and WT chains might require synthesis of a large portion of CFTR. To sort out these possibilities, we therefore attempted to identify when during CFTR synthesis cellular quality control machinery was first able to distinguish mutant from WT chains.
Termination codons were engineered at residues 188, 393, 589, and 836 (COOH terminus to TM2, TM6, NBD1, and the R domain, respectively) in WT, G85E, and G91R CFTR. When plasmids terminated after TM2 or TM6 were expressed in pulse-chase labeled oocytes, we found both WT and mutant chains were degraded within 24 h (Fig. 7) . Thus, the first two TM segments as well as the entire NH 2 terminus hydrophobic domain (TMD1) of CFTR were insufficient to generate a stable protein. A lag in degradation of 393X chains at 6 h (Fig. 7  B) was likely due to labeling conditions in this experiment, as this was not observed for all batches of oocytes studied. G85E Figure 5 . Transmembrane topology of mutant TM1. CFTR cDNAs encoding G85E and G91R mutations were truncated at BP 565, translated in RRL, and analyzed as described in Fig. 4 . Figure 6 . Trafficking and topology of G91A and G91E CFTR. (A) Full-length CFTR encoding mutations G91A or G91E was transcribed and injected into oocytes as described in Fig. 2 . Oocytes were moved to media containing 1 mM methionine 3 h after injection, and were collected for immunoprecipitation at the times indicated. (B) G91A and G91E CFTR cDNAs were truncated at BP 565, transcribed, and expressed in RRL as described in Fig. 3 . Shown are total translation products before and after PK digestion as indicated. Upward arrow indicates protease-protected fragment. and G91R mutant proteins truncated after NBD1 or the R domain were also rapidly degraded (80% of chains) within 24 h. 40% of WT 589X and nearly 80% of WT 836X CFTR, however, achieved a stable conformation that was present in cells 24-32 h after injection.
Discussion
It is now generally appreciated that most, if not all eukaryotic cells, exhibit a quality control system in the ER whose function is to degrade proteins that fail to fold or assemble properly (43, 44) . In this study, we show that Xenopus oocytes also exhibit a quality control system that is capable of distinguishing mutant from WT CFTR proteins. Although the cellular machinery involved in this process is currently unknown, oocytes selectively targeted ⌬F508, G85E, and G91R CFTR chains into a preGolgi, rapid degradation pathway, while WT CFTR efficiently exited the ER and was processed in the Golgi complex. Stability and intracellular processing of full-length WT and mutant CFTR proteins correlated well with the degree of reduction in functional plasma membrane chloride channel activity, suggesting that as in mammalian cells, protein folding and ER quality control in oocytes play a key role in the disruption of CFTR by these mutations. Our studies therefore demonstrate that Xenopus oocytes, which have been widely used for examining aspects of CFTR ion channel function, also provide a versatile system for studying cellular processes that govern intracellular trafficking and degradation of mutant CFTR proteins.
While CFTR processing in Xenopus oocytes exhibited many key features previously reported in mammalian cells, several differences were noted. Synthesis of full-length CFTR required 90 min, and newly synthesized chains resided in the ER for 24 h or more before trafficking through the Golgi complex. In contrast, synthesis of CFTR in mammalian cells required less than 15 min, and exit of CFTR from the ER was essentially complete within 3-4 h (15). The slower kinetics observed in oocytes appeared to be largely due to the reduced incubation temperature (18ЊC), because when microinjected oocytes were incubated at 30-37ЊC, rates of CFTR synthesis and processing approached that of mammalian cells (A. Bragin and W. Skach, unpublished observation). At these high temperatures, however, oocyte viability was markedly compromised.
Several studies have reported that 80% of heterologously expressed WT CFTR is degraded in the ER of mammalian cells (13, 15, 17) . In oocytes, however, up to 100% of WT CFTR was stable and processed by Golgi enzymes. In addition, although ⌬F508, G85E, and G91R mutants exhibited a dramatic defect in ER trafficking, a small but significant fraction of these chains appeared to reach the oocyte plasma membrane, most likely accounting for the low levels of chloride efflux observed by us and others (37) . An interesting question regarding these results is whether the increased efficiency of CFTR processing in oocytes reflects (a) a lower threshold of oocyte quality control machinery in discriminating mature from misfolded CFTR; (b) qualitative differences in oocyte folding machinery that promote more efficient CFTR maturation; or (c) whether CFTR proteins simply mature more efficiently at reduced temperatures. Studies examining degradation mechanisms of CFTR synthesized in different expression systems may shed insight into these possibilities.
In the current study we observed that the trafficking efficiency of G85E and G91R CFTR out of the ER in oocytes was similar to or slightly less than that of ⌬F508 CFTR. Unlike ⌬F508, however, G85E and G91R mutations have been associated with a mild disease phenotype in humans (33, 34, 45) . While the reason for these different disease phenotypes is unknown, it is possible that subtle differences in CFTR folding and/or ER quality control may exist in mammalian cells, which accounts for the differences in disease severity. Alternatively, it is possible that the different clinical phenotypes result from specific aspects of CFTR function that are disrupted by mutations in different regions of the protein.
Based on our previous studies of human MDR1 biogenesis (32, 40, 46), we predicted that the introduction of a charged residue into TM1 of CFTR would interfere with ability of TM1 to function as an internal signal sequence, and direct NH 2 terminus assembly into the ER membrane. Surprisingly, while G85E and G91R mutations each disrupted TM1 signal sequence activity (data not shown), neither mutation affected TM1 transmembrane topology. Instead, peptide translocation of G85E and G91R CFTR was initiated by a downstream signal sequence, TM2, which functioned to establish NH 2 terminus topology through a novel, posttranslational mechanism (W. Skach, unpublished observations). Like MDR1, CFTR therefore appears to exhibit two redundant mechanisms for NH 2 terminus transmembrane assembly that use signal sequence activities encoded in both TM1 and TM2. In the case of CFTR, however, these redundant mechanisms are required for transmembrane assembly because two charged residues within TM1, E92, and K95, impair intrinsic TM1 signal sequence activity. Furthermore, it is this redundant signal sequence activity of TM2 that is responsible for directing proper CFTR NH 2 terminus topology in the G85E and G91R mutants (W. Skach, unpublished observations). These results are consistent with findings of Carroll et al., where it was shown that NH 2 terminus deletions did not abolish CFTR chloride channel activity (47) , presumably because the deletion of TM1 would likely have little effect on the independent topogenic activity (or topology) of remaining TM segments. In this case, assembly of CFTR chains lacking TM1 appears to be sufficient for generating detectable chloride channel activity, while mutations within TM1 may disrupt CFTR function through other aspects of protein folding and/or processing.
Charged residues within TM segments have been implicated in influencing intracellular trafficking, degradation, and oligomerization of single-spanning or bitopic proteins (48) (49) (50) (51) . Remarkably however, CFTR already contains charged residues in predicted TM segments no. 1, 2, 6, 7, 8, 9, 10, and 11 that likely facilitate interactions between TM helices and/or contribute to the structure of the chloride channel pore (6, 52) . In this regard, cysteine-scanning mutagenesis has indicated that residues G85 and G91 are both accessible to aqueous sulfhydryl-reactive reagents, and thus are proposed to lie in an aqueous environment, rather than in direct physical contact with lipid (52) . While mutant residues 85E or 91R appear to be localized within the plane of the bilayer, it is likely that they may also reside in contact with solvent rather than in direct contact with membrane lipids per se.
One way to view CFTR maturation is to consider that all CFTR molecules initially start out in an unfolded, transportincompetent state, and that proper maturation involves acquisition of specific structure that is no longer recognized by quality control machinery. Our data support this view, and demonstrate that truncated fragments of CFTR were rapidly degraded in cells until synthesis of at least NBD1 had been completed. Consistent with this, cells were also unable to distinguish structural perturbations induced by G85E or G91R mutations until synthesis of NBD1. Because mutant residues were localized within or adjacent to the bilayer, the simplest interpretation is that residues 85E or 91R might cause a subtle alteration in helical packing and/or conformation of cytosolic/ extracytosolic connecting peptide loops. Although these techniques do not allow us to define the precise nature of this structural alteration, we predict that this alteration results in a change in CFTR tertiary structure either within TMD1 or between TMD1 and other CFTR domains, preventing proper maturation and resulting in recognition of chains by ER quality control machinery.
Finally, our results also indicate that only after synthesis of the R domain do truncated CFTR chains exhibit intracellular stability resembling that of full-length protein. These results agree with prior observations that the D836X truncation generated functional cAMP-mediated chloride channels in mammalian cells (53) . The chloride conductance of oocytes ex-pressing the D836X mutant, however, was significantly less than oocytes expressing full-length CFTR (K. Foskett and W. Skach, unpublished observations). Thus, while failure of CFTR to mature in the ER as determined by degradation of ⌬F508, CFTR does not predict whether or not CFTR is able to acquire chloride channel function (14) , maturation in the ER as determined by stability of D836X chains also does not appear to correlate with different structural requirements for later trafficking events and/or ion channel function. An important interpretation of these observations is that structural features of polytopic proteins required for specific functions may be distinct from features required for normal intracellular trafficking and visa versa. Understanding how polytopic proteins accomplish these two different aspects of folding will provide important insight into our view of diseases such as CF, where these two processes are uncoupled.
